Abstract-The outage performance of multi-hop cooperative spectrum sharing systems with interference constraints over Nakagami-m fading is investigated. Employing a Decode-andForward (DF) relaying protocol, the closed-form analytic expression is derived for the Outage Probability (OP), which is validated through comparison with results from Monte-Carlo simulations. In addition, the corresponding asymptotic performance for the maximum transmit power is investigated as well. The obtained expressions provide useful insights on the behavior of the system performance under different operation parameters. Numerical results reveal that the system performance degrades as the number of relays increases, the relationship between the interference constraints and maximum transmits power leads to the emergence of the outage error floor. In addition, we compare the effectiveness of the interference link channel quality and the transmission link channel quality on the system performance improvement. Our results show that good performance of the system relies on the improvement of transmission links deeper than that of the interference links. However, the performance improvement of the overall system comes from good channel quality of all the links. Moreover, the presented results also demonstrate that underlay multi-hop cognitive networks depends on numerous factors and differs substantially from that of traditional multi-hop networks.
make full use of the free spectrum, CR has been proposed in [2] .
In CR networks, the SU can be permitted to take advantage of the licensed band provided the data transmission of the PUs can be protected by using spectrum underlay, overlay and interweave approaches [3] . In the underlay approach, the SU is allowed to use the spectrum of the PU so long as the interference from the SU is less than the interference level which the PU can tolerate. Therefore, the transmission power of the SU is constrained not to exceed the interference threshold. In the overlay approach, the SU employs the same spectrum concurrently with the PU while maintaining or improving the transmission of the PU by applying sophisticated but generally computationally complex, signal processing and coding [3] . Otherwise, using the interweave approach, the SU utilizes the spectrum not currently being used by the PU, known as a spectrum hole, after performing detection on the spectrum.
We consider the underlay mode which is distinct for its rather low implementation complexity. In this scenario, the transmit power of SUs must be adaptively adjusted so that the corresponding induced interference is maintained within acceptable levels which must be strictly within a tolerable range of the PUs. As a consequence, the transmission range of SUs is dramatically reduced. However, integrating underlay cognitive networks with multi-hop communication techniques, which exploit shorter range communication for lower path loss, can efficiently overcome the aforementioned limitation.
Multi-hop relaying system is a promising solution for extending the coverage of wireless network and can be used to enhance the performance of a wireless system [4] [5]. Multi-hop relaying system has less complexity and lower installation cost when compared with increasing the number of base stations. In a multi-hop relaying system, a number of relay stations are deployed over the area that play the role of middle nodes between the base station and the far users. Relays are used to form hops between the base station and the users, to break a longdistance low-quality link into two or more high-quality links.
For multi-hop communications, the relay can operate according to the Amplify-and-Forward (AF) and decodeand-forward communication protocols [6] . In the former, the received signal is only amplified and then forwarded through the next hop, whereas in the latter the relay decodes the received signal and then re-encodes the information before relaying it through the next hop. The DF method is employed in the our analysis.
Recently, the concept of relaying communication has been introduced for CR network and appears to be a promising solution to achieve stable connectivity among cognitive nodes. With the help of SUs acting as forwarders, the communication between the secondary source and the secondary destination is considerably increased, resulting in a certain quality of service (QoS) improvement for secondary networks. On the other hand, thanks to multi-hop relaying, secondary nodes are able to use lower transmission power without imposing harmful interference on PUs.
Also, cognitive multi-hop networks have aroused widely consideration in communication community. In [7] , a cooperative multi-hop protocol in cognitive spectrum sharing scheme has been proposed. In this scheme, SUs play the role of relays for primary network to enhance performance of primary network and find opportunities to transmit their data as well. By employing a DF relaying protocol, the authors in [8] derived an outage probability expression for the case of two-hop communications. Moreover, with unequal Nakagami interferers, the outage performance for DF relaying in Nakagami fading is studied in [9] . In [10] , the outage performance of cognitive multi-hop underlay network is studied by assuming Rayleigh fading. The authors in [11] propose and study a multi-hop diversity scheme, conceived for transmission of information over multi-hop links. To increase the spectral efficiency and energy efficiency of the system, a cooperative multi-hop communication protocol with spatial reuse is proposed in [12] , in which interference is treated as noise or can be canceled. Very recently, the physical layer secrecy performance of multi-hop DF relay network with multiple passive eavesdroppers in [13] is investigated over Nakagami-m fading channels and the exact closed-form expressions of existence probability of secrecy capacity and secrecy outage probability are obtained by using statistical characteristics of signal-to-noise ratio.
Though a lot of existed works have provided a good understanding of CR multi-hop networks, most of them assume Rayleigh fading channels, therefore, have overlooked the role of the channel fading severity level on the outage performance of the system. This may not be useful in a wide range of fading scenarios that are typical in realistic wireless relay applications. In this paper, we generalize [10] to Nakagami-m fading channels and investigate the end-to-end outage performance of cooperative multi-hop system by employing a DF relaying protocol under interference and maximum transmit power constraints. From a realistic viewpoint, the choice of Nakagami-m fading is to characterize more versatile fading scenarios that are more or less severe than Rayleigh fading via the m fading parameter, which includes the Rayleigh fading   1 m  as a special case.
The Nakagami-m fading also approximates the Hoyt fading, for 1 m  , and the Rice fading, for 1 m  . Furthermore, the exact and asymptotic closed-form expressions are derived for outage probability over independent non-necessarily identically distributed (i.n.i.d) Nakagami-m fading channels. Our analytic expression is validated through Monte-Carlo simulation, which readily allow us to examine the impact of some key parameters on the performance of considered system, such as the number of relays, the interference threshold, the maximum transmit power as well as fading severity parameters.
The remainder of this paper is organized as follows. Section II describes a signal model for the wireless multihop relay network considered in this work. In Section III, we present the exact and asymptotic expressions of the considered system. In Section IV, we present the numerical results to validate the results obtained in section III. Conclusion remarks are provided in Section V.
II. SYSTEM AND CHANNEL MODEL
Consider an underlay cognitive network as shown in Fig. 1 SR K due to the severe path loss, all the relays can always successfully decode the received signal from their preceding nodes, and then forward the re-encoded signal to their respective successor nodes by employing a DF relaying strategy. In this multi-hop communication system, we assume the primary source is far away from secondary nodes, thus, does not impose any real interference. The SUs transmission is allowed in the spectrum band licensed to a PU as long as it does not generate harmful interference at primary destination PU. min ,
where I is the maximum tolerable interference level of PU, I,k h denotes the channel coefficient of the link SR PU k  , and P is the maximum transmit power of secondary nodes. Thus, the instantaneous end-to-end SNR of secondary link can be written as [14] 2 D, 
respectively. Here,
the Gamma function, the lower incomplete gamma function, respectively [15] .
III. OUTAGE PERFORMANCE ANALYSIS

A. Closed-Form Analysis
In this section, we aim to derive the OP of the multihop communication networks under interference and maximum transmit power constraints. The end-to-end information rate of multi-hop communication system is the minimum rate of all the hops, given by [16]   1,2, ,
where the ratio 1 K comes from the fact that the transmission between secondary source-destination operates in K time-slots and k R is the instantaneous data rate of -th k hop. The OP is defined as the probability that the instantaneous data rate falls below a certain data rate threshold th R , i.e., 
where   ,    is the upper incomplete gamma function. Now, by substituting (6) into (5) 
B. Asymptotic Analysis
To have a deep understanding of the performance of the considered system, we need to derive an asymptotic expression for OP. First, we take the scenario P into consideration. When 0 x  , from [15] we can obtain the asymptotic behavior
where   ,;     is the confluent hypergeometric function.
From (2), we can get the following approximate expression 
Thus, the CDF of k In Fig. 2 and Fig. 3 , we fix the severity parameters as Fig. 2 plots the OP versus SNRs for cognitive multi-hop system under interference constraints over Nakagami-m fading channels. Results illustrate the analytical results and the simulation results are in great agreement, validating the accuracy of our methodology. It is shown that the outage probability grows as the number of secondary nodes increases, however, due to the constraint of interference threshold, i.e., I , the outage probability of the system becomes saturated and the outage floor appears. Also, the asymptotic curves are plotted to examine the analytical results, in high SNR regime they closely converge to the analytical ones. Moreover, the Direct Transmission (DT) is given in the same figure for comparison. Obviously, the performance of system with relays is generally superior to DT. 
IN.
In order to compare with the analytical result, the outage probability curve with no interference constraint is provided as well. It is clear that the outage probability under no interference constraint will not be saturated and the outage floor will not appear as well, thus, the performance of the system is better than that with interference constraint. In addition, due to the decreasing restriction from PU, with larger interference constraint threshold i.e., the bigger I , the outage floor gets lower and the system performance improves at the same time. Since bigger Ik m means the interference links become more deterministic, the random channel variation of interference links makes the outage performance of the system bad. But it is not always true. As a matter of fact, whether the fading is beneficial is closely related to the interference constraint I and maximum transmit power P , in Fig. 4 we can see that in lower SNR regime I is small, the fading of interfering channel is beneficial, so the system performance improves with smaller Ik m , however, it reverses and the fading becomes harmful when the interference constraint I gradually to reach the maximum transmit power P . Furthermore, when I continually increases beyond P , the fading severity of the interference links becomes irrelevant to the outage performance because the system performance is mainly determined by the maximum transmit power at this moment.
In Fig. 5 , we examine the impact of maximum transmit power on the outage performance of the considered system. Moreover, the outage curve with no maximum transmit power constraints (NMTPC), i.e., P  , is also given as a benchmark for comparison. Obviously, the outage floor reduces as the maximum transmit power increases. As we know, the outage floor appears when I is close to P , the relationship between the interference constraint threshold I and maximum transmit power P is the main determinant, greater P leads to the outage floor appears in higher SNR regime and then make the outage floor reduce. Fig. 5 also shows that the outage probability with NMTPC is superior to that with maximum transmit power constraints, and the outage floor disappears, which reveals great performance, but this scenario is not realistic to some extent. Finally, the effect of fading severity parameters of the secondary transmission links on outage probability is examined in Fig. 6 and Fig. 7. Fig. 6 plots the outage probability versus 0 INfor different values of Dk m . The results reveal that the outage performance of the system greatly improves as the channel quality of the secondary transmission links increases. Differing from Fig. 6, Fig. 7 plots the outage probability curves versus 0 PN and focuses on making a comparison on the effectiveness of the interference link channel quality and the transmission link channel quality on the system performance improvement. Fig. 7 indicates that the increasing of Dk m on improving the system performance is more prominent than that of Ik m , which implies that outage performance relies on the channel quality of secondary transmission links more heavily than that of the interference links. Moreover, good performance of the overall system results from the channel quality improvement of both links. 
V. CONCLUSIONS
This paper investigate the outage performance of a cognitive multi-hop system under interference constraints. Exact closed-form expression is derived by employing DF relaying in Nakagami-m fading channels and validated through Monte-Carlo simulations. Moreover, the asymptotic expression is also obtained to reveal the impact of some key parameters on the system performance. The presented results show that the relationship between interference constraints and secondary maximum transmission power heavily impacts the outage performance of the system, and causes the appearance of outage error floor. In addition, the system performance relies on the channel quality of interference links as well as transmission links. As for future works, it will be more interesting to consider the system with one primary source and two or more primary users. APPENDIX A: DERIVATION OF (6) From (2) Pr min , P Pr P , P 
Now, we focus on the second part of (13) 
Substituting (14) and (18) into (13), we get (6).
APPENDIX B: DERIVATION OF (11) From (15) Applying (17) and substituting (16) into (19), we obtain the desired expression (11) .
